Abstract. We assess the properties of contact pressure applied by manually operated fiber-optic probes as a function of the operator, probe contact area, and sample stiffness. First, the mechanical properties of human skin sites with different skin structures, thicknesses, and underlying tissues were studied by in vivo indentation tests. According to the obtained results, three different homogeneous silicone skin phantoms were created to encompass the observed range of mechanical properties. The silicon phantoms were subsequently used to characterize the properties of the contact pressure by 10 experienced probe operators employing fiber-optic probes with different contact areas. A custom measurement system was used to collect the time-lapse of diffuse reflectance and applied contact pressure. The measurements were characterized by a set of features describing the transient and steady-state properties of the contact pressure and diffuse reflectance in terms of rise time, optical coupling, average value, and variability. The average applied contact pressure and contact pressure variability were found to significantly depend on the probe operator, probe contact area, and surprisingly also on the sample stiffness. Based on the presented results, we propose a set of practical guidelines for operators of manual probes.
Properties of contact pressure induced by manually operated fiber-optic probes Maksimilijan Diffuse reflectance spectroscopy (DRS) is a noninvasive optical technique used in numerous biomedical applications and studies involving cancer detection [1] [2] [3] and assessment of soft tissue optical properties. [4] [5] [6] [7] [8] [9] [10] [11] Spectra are acquired by a fiber-optic probe, which is gently pressed against the tissue surface to assure adequate light coupling and to improve the measurement repeatability. However, the applied contact pressure can induce changes in the soft tissue structure (blood flow reduction, collagen and elastic fibers rearrangement, or muscle and fatty tissue depression) that reflect in altered diffuse reflectance spectra. These changes can lead to substantial errors in the estimation of the tissue optical properties [12] [13] [14] [15] [16] and affect subsequent analysis (e.g., classification 17 ) of the acquired diffuse reflectance spectra.
The contact pressure-induced changes in the diffuse reflectance of human skin depend on the composition of the skin and subcutaneous layers, and therefore vary over the body. Mechanical stress is better dissipated and induces less changes if the probe is applied to a skin site that lies above a thick layer of fatty tissue or muscle (e.g., in gluteal region), than if the probe is applied to a skin site above a thin connective tissue layer, followed directly by a bony prominence 18 (e.g., elbow, sacrum, or wrist above ulnar styloid process). In the latter case, the threat of skin viability disruption and breakdown on a cellular level is much higher. Nevertheless, it has been repeatedly shown that body site and skin composition are not the only factors influencing the skin response to mechanical pressure. The other prominent factors also include age, 19 body mass index, 20 level of vascularization, 21 or lifestyle habits including smoking or solar exposure. 18 The existing studies on the properties of the operator-induced contact pressure 16, 22, 23 have been primarily focused on a single tissue type and a specific measurement setup. For this purpose, ex vivo samples or phantoms were used and the applied light contact pressure was assessed by a weighing balance. The range of contact pressures and probe contact areas used in the listed studies was from 9 to 90 kPa and from 3.14 to 19.63 mm 2 , respectively. The main weakness of these studies was that the mechanical properties of the samples or phantoms were not quantitatively defined. Furthermore, it was assumed that the properties of the applied contact pressure from in vivo measurements would be similar to those observed in the ex vivo tissue samples or phantoms. In general, ex vivo samples are not durable over time and likely do not reflect the mechanical properties of the target in vivo samples. Therefore, existing approaches cannot be used to predict the expected range of contact pressures for in vivo measurement settings that employ different optical probes and/or tissue samples.
In contrast, the aim of this study is to systematically assess the properties of contact pressure induced by manually operated probes that are relevant to a number of different measurement settings. Due to the frequent use in various DRS studies and applications 10, 12, [24] [25] [26] [27] [28] [29] and complex site-dependent mechanical properties, human skin and human skin-like phantoms were used for the assessment. The first step of this study involved in vivo assessment of the skin mechanical properties at different representative measurement sites. According to the obtained results, three silicone phantoms were prepared encompassing the full range of the observed in vivo tissue mechanical properties. Finally, the silicone phantoms were used to assess the transient and steady-state properties of a light contact pressure induced by manually operated probes. The assessment was based on the recorded time-lapses of the applied contact pressure and involved dependency of the contact pressure on the probe operator, probe contact area, and tissue stiffness.
With the methods and results presented in this paper, a set of phantoms with well-defined mechanical properties can be created and relevant statistics on the properties of the applied contact pressure can be obtained. Consequently, such characterization of the applied contact pressure could lead to a better understanding and control of the contact pressure and induced changes for different measurement settings, operators, and tissue samples with different mechanical properties.
Materials and Methods
In this section, we first introduce a so-called indentation test, which provides the means to characterize the mechanical properties of the selected skin sites in vivo that are subsequently used to fabricate silicone phantoms exhibiting similar mechanical properties. Second, we describe the experimental setup used to acquire transient and steady-state contact pressure properties induced by manually operated probes performed exclusively on the fabricated silicone phantoms.
Characterization of the Skin Sites and Silicone Phantoms

Instrumentation
An automated system depicted in Fig. 1 was used to assess the mechanical properties of the selected human skin sites in vivo by an indentation test. A cylindrical indenter was attached to a stainless steel arm equipped with a temperature-compensated silicon piezoresistive force sensor fabricated at the UL-FE, LMSE (Ljubljana, Slovenia). The applied force was measured with a submilligram resolution at a rate of 250 Hz. The contact pressure was calculated as the quotient between the measured force and the probe contact area. The outer diameter of the indenter was 6.35 mm with an effective pressure area of 31.7 mm 2 . A precise and accurate control of the applied force was ensured by a motorized linear stage and custom-control logic.
Samples
The mechanical properties of human skin were assessed at four different skin sites (Fig. 2 , S bone at the lateral part of the wrist above ulnar styloid process, S finger on the index finger, S muscle above abductor policies brevis muscle, and S forearm on the antecubital fossa) of four human volunteers. The four measurement sites were carefully selected to capture the natural variability of the skin structure and underlying tissue. The recorded load-displacement curves of the investigated skin sites served as a reference for creating three homogeneous silicone phantoms with different stiffness levels: hard (P hard ), medium (P medium ), and soft (P soft ). They were subsequently used for the assessment of the probe contact pressure properties. The hard phantom (P hard ) was made from a silicone rubber skin pasta, the medium phantom (P medium ) was made from a silicone gel shore 00, and the soft phantom (P soft ) was made from a 2∶1 mixture of silicone gel shore 00 and silicone oil M50 (all silicones were produced by Samson Kamnik d.o.o., Slovenia). To make the obtained probe contact pressure properties useful to other studies and applications, the three silicone phantoms considerably differed in stiffness and reflected the stiffness range observed at the four selected human skin sites. The phantoms were made at room temperature by thoroughly mixing the individual components in a mixer and placing the phantom mold in a vacuum for about 3 min. In this way, three cylindrical silicone phantoms (diameter 60 mm and height 20 mm) exhibiting different degrees of stiffness were obtained. Finally, the center of each silicone phantom was marked to assure that the indentation system and operators always applied the contact pressure to the same location. The conducted research study involving human volunteers was approved by the National Medical Ethics Committee of the Republic of Slovenia.
Measurements
The system performing automated indentation tests was programmed to apply the load at a rate of 5 mm∕s. The test was terminated when the load reached 2 N after which the indenter was returned to the initial position. During the load application toward the sample, the force of the indenter and the indentation depth were recorded. Ten indentation cycles were performed at each of the four selected skin sites, with a rest period of 30 s. The same procedure was followed to characterize the three silicone tissue-like phantoms.
Data processing
To eliminate fluctuations due to the mechanical vibrations of the linear actuator, the recorded indentation measurements were filtered through a Butterworth low-pass filter with the cutoff frequency set to 12 Hz. The indentation stiffness of the samples S bone , the lateral part of the wrist above ulnar styloid process; S finger , the index finger; S muscle , above abductor policies brevis muscle; and S forearm , the antecubital fossa.
was calculated according to the K measure, 30, 31 which is expressed as the gradient of the load-displacement curve:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 1 ; 6 3 ;
where ðF 1 ; F 2 Þ and ðd 1 ; d 2 Þ denote the subrange of indentation force and indentation depth, respectively.
Characterization of the Probe Operators
Instrumentation
The measurement system used for the assessment of the light contact pressure applied by the probe operators is shown in Fig. 3 . The system comprises a sample holder fixed to a rigid stainless steel arm equipped with a temperature-compensated silicon piezoresistive force sensor. During the experiment, each operator used a manual fiber-optic probe (FCR-19IR200-2-ME, Avantes) with a 6.35-mm outer diameter, corresponding to a contact area of 31.7 mm 2 . The probe area was further extended by using external cylindrical rings of diameters 14.2 and 20 mm, corresponding to contact areas of 158.4 and 314.2 mm 2 , respectively. The acquisition of contact pressure and spectra was synchronized by a custom logic. The spectrometer (NIR-512L-1.7T1, 901 to 1685 nm, Control Development) exposure time was set to 3 ms, while the force was measured at a rate of 250 Hz.
Measurements
Ten probe operators were familiarized with the measurement setting and asked to apply a light contact pressure to the silicone phantoms by following a three-step sequence: (a) move the probe perpendicularly toward the skin surface, (b) place the probe in a full contact with the phantom, and (c) apply and maintain a light pressure for approximately 3 s. The measurements were repeated on all the three silicone phantoms (P hard , P medium , and P soft ), by employing three different probes with large (A large ), medium (A medium ), and small (A small ) contact areas. For each probe operator, the order of the measurement process was randomized over the phantoms and probe contact areas to avoid biased results. The described sequence was repeated 20 times for each combination of the probe contact area and phantom stiffness, with 30 s breaks between the measurements. A special user interface with sound instructions was used to aid the timing of the measurements.
Methodology
The duration of each light contact pressure measurement was approximately 3 s. Independent of the operator, a common pattern in the recorded contact pressure and diffuse reflectance emerged, where each measurement was primarily composed of two temporal windows, a transient window W t of increasing contact pressure, followed by a steady-state window W s exhibiting stable light contact pressure [ Fig. 4(a) ]. The conducted experiments showed that the transient force changes were limited to the first second of the raw measurements after which the force stabilized for the remaining 2 s. For further analysis of the contact pressure, only the stable force measurements (N s ¼ 500) collected in the W s window were used. Figure 4 (b) shows a typical time-lapse of the average diffuse reflectance spectra for a homogeneous silicone sample (phantom stiffness P hard and probe contact area A small ), which can be decomposed into three regions. In the first region, R I , the probe is moving toward the sample surface until it becomes optically coupled to the sample. The time point of optical coupling is wavelength independent for both the homogeneous silicone phantoms and biological tissue. At this point, the diffuse reflectance stabilizes; however, this holds only for the homogenous silicone phantoms and not for the biological tissues, where the rising contact pressure induces structural-and thereby wavelength-dependent changes in the diffuse reflectance. In the second region, R II , the probe is optically coupled to the sample. The diffuse reflectance of silicone phantoms is stable, while the diffuse reflectance of biological tissues can exhibit changes due to the delayed structural and physiological tissue response. In the third region, R III , the diffuse reflectance changes as the probe is moved away from the sample. Three time points were defined with respect to the recorded contact pressure and reflectance time-lapse [ Fig. 4(b) ]: t 0 at the initial contact between the probe and the sample surface, t c at complete optical coupling, and t 90 at time when the applied contact pressure reaches 90% of the average contact pressure in W s . Accordingly, two characteristic times were introduced. The coupling time T couple was defined as the time required by the operator to optically couple the probe after making initial contact with the sample surface (t c − t 0 ). The full time required for the applied contact pressure to reach 90% of the average contact pressure was denoted as T full (t 90 − t 0 ).
The raw contact force data fðtÞ were first normalized by the probe contact area A to obtain equivalent applied contact pressure pðtÞ. Subsequently, the applied contact pressurep O;P;A i for each raw measurement (i) obtained for a given operator O, silicone phantom P, and probe contact area A was defined as the average contact pressure observed in the window W s [Fig. 4(a) ]. In addition, the absolute values of the contact pressuresp P;A for each silicone phantom (P) and probe (A) were calculated across the repeated measurements and operators. The contact pressure variability v O;P;A i observed within a raw measurement (i) was characterized as the standard deviation of the contact pressures within the window W s representing an estimate of the operator's tremor during the measurement. Finally,v P;A was calculated by averaging v O;P;A i across the measurements and operators. To assess the average repeatability of a single operator for a specific phantom (P) and probe (A), the intraoperator contact pressure variabilityv 
To assess the variability of pressure application among all the operators for a specific phantom (P) and probe (A), the interoperator variability v P;A inter was defined as the standard deviation of the mean applied contact pressures of the individual operators:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 3 ; 6 3 ; 3 0 5 
The same definitions were followed to characterize the raw contact force f measurements.
Statistical analysis
In this study, all the comparisons between the groups were analyzed by a two-way analysis of variance (ANOVA) with Fisher least significant difference (LSD) post hoc test. The data used in the statistical tests were log transformed to improve the homogeneity of variances, which was confirmed with Leven's test. Statistical significance was considered for P-values less than 0.05. To ensure the dataset followed a normal distribution, a Shapiro-Wilk test was performed.
3 Results and Discussion
Mechanical Properties of the Skin Sites and Silicone Phantoms
As pointed out in Sec. 1, previous studies did not present quantitative data on the mechanical properties of the observed specimen and phantoms that were used to characterize the light contact pressure induced by the probe. In contrast, all the samples used in this study, including the human skin sites and silicone phantoms, were characterized by load-displacement curves, which were measured for indentation forces of up to 2 N. The indentation tests performed with the system depicted in Fig. 1 were used to extract the mechanical properties of the selected human skin sites and silicone phantoms. The measured load-displacement curves obtained for the four skin sites of the four volunteers and for the three silicone phantoms are presented in Fig. 5 . The results show significant variability of the stiffness profiles (load-displacement curves) among the skin sites. The main cause for the phenomenon lies in the variability of the underlying tissue structure at the observed skin sites. As expected, the largest displacement at maximum force was observed on the forearm S forearm and the smallest on the skin site S bone above the bone. We assume that the observed differences are due to the fact that the skin layers, including epidermis, dermis, and subcutis, are allowed to deform much more freely above the soft tissues (e.g., skin site S forearm above the forearm) than above a bony prominence.
As shown in Fig. 5 , the fabricated silicone phantoms accommodated the full range of the load-displacement curves observed at the four skin sites. The stiffest phantom P hard [K ð1.5 N;2.0 NÞ ¼ 4.733 N∕mm] is comparable to the indentation stiffness of the skin site S bone [K ð1.5 N;2.0 NÞ ¼ 4.500 N∕mm] for forces from 1.5 to 2 N. In contrast, the softest phantom P soft [K ð0 N;0.5 NÞ ¼ 0.083 N∕mm] is comparable to the indentation stiffness of the skin site S forearm [K ð0 N;0.5 NÞ ¼ 0.097 N∕mm] on the forearm for forces from 0 to 0.5 N. The phantom P medium exhibits an intermediate stiffness.
Characteristic Times
The time-lapse of contact force and diffuse reflectance spectra collected from the silicone phantoms were used to study the time required by an operator to establish a stable contact pressure. Fig. 5 Load-displacement curves of the four selected human skin sites (S bone , S finger , S muscle , and S forearm ), and of the three silicone phantoms (P hard , P medium , and P soft ). The results obtained for each volunteer are represented with a different color.
The characteristic times are of great importance when designing the probe and laying out the measurement protocol, all with the aim to maximize the repeatability of the measurements. In general, repeatable measurements can be achieved only after the applied contact pressure has stabilized. The mean characteristic times across all the operators as a function of the probe contact area and phantom stiffness are collected in Table 1 .
The results show that on average, the operators require about 0.45 s (T full ) to reach 90% of the average contact pressure observed in W s , measured from the initial contact between the probe and the sample surface (t 0 ). Additionally, it can be observed that the full time (T full ) increases with the size of the probe contact area. The reason for that lies in the coupling time (T couple ), i.e., the time between the initial contact (t 0 ) and complete optical coupling (t c ) [ Fig. 6(a) ]. The observed increase in T couple could be explained by the deviation of probe incidence angle from normal during the initial contact with the sample surface, resulting in a larger force and longer time required to establish a full optical coupling between the probes with larger contact areas and the sample. This trend is particularly pronounced and statistically significant (ANOVA P < 0.05) for the data collected from the stiffest silicone phantoms (P hard and P medium ). In contrast [ Fig. 6(b) ], T couple does not show a statistically significant dependence on the phantom stiffness for a particular probe contact area, except in the case of the contact area A large exhibiting a decreasing T couple with decreasing phantom stiffness.
The difference between the two characteristic times (ΔT ¼ T full − T couple ) yields the time required to establish stable contact pressure after a complete optical coupling between the probe and sample is achieved. No significant dependence of ΔT on the phantom stiffness or probe contact area was discovered.
The introduced characteristic times are useful to properly time the acquisition of diffuse reflectance spectra when a high measurement repeatability is required in a limited time window. In general, two conditions for repeatable acquisition of diffuse reflectance spectra have to be satisfied for samples that are sensitive to the contact pressure, namely full optical coupling and contact pressure stabilization. We observed that the contact pressure stabilizes within 0.6 s from the point of full optical coupling between the sample and the probe, and 0.8 s from the initial contact between the probe and the sample surface. The provided values are a worst-case estimate of the characteristic times that accounts for the maximum variability observed within the measurements. We can conclude that it is not advisable to process the spectra within the transient window W t , up to the time point t 90 . This can become important when the available measurement time is on the order of the transient window. In this case, the estimated T full can be used to properly time the measurements.
Influence of the Phantom Stiffness, Probe, and Operator on the Light Contact Pressure
In order to assure simple comparison of the obtained results to the results reported by other studies, all the values listed in this section are provided in terms of contact pressure and contact force. Both data are important because the contact pressure reflects the influence of the probe on the sample (e.g., biological tissue), while the contact force describes the operator's perception during the measurements.
Phantom stiffness
A comparison of the contact forcef P;A and contact pressures p P;A as a function of the phantom stiffness (P) for the three probe contact areas (A) is highlighted in Fig. 7 . In this case, the applied force and contact pressure are equivalent. A twoway ANOVA was conducted to evaluate the effect of stiffness on the applied force for each of the three probe contact areas. All three probes showed significant dependence of the applied force on the phantom stiffness (at the P < 0.05 level). The result clearly shows that the phantom stiffness influences the operator perception of the applied force, which increases with the increasing phantom stiffness, independently of the probe contact Table 1 Mean characteristic times across all the operators as a function of the probe contact area (A) and phantom stiffness (P).
Phantom
Probe A small Probe A medium Probe A large area. Likewise, the highest interoperator contact force variability v P;A f; inter was observed for the stiffest phantom (P hard ), while the lowest variability was observed for the softest phantom (P soft ). These observations could be explained by the larger displacement of the soft phantom exposed to equal amount of force (Fig. 5) , and the fact that control of the applied force is related to the control of the displacement; hence, a lower contact force variability is observed for the softer phantom. A similar reasoning could be used to explain the consistent increase in the average applied force with the phantom stiffness, which is required to maintain the displacement level. Additionally, we believe that each operator greatly relies on the visual indentation information. When the probe is applied to a soft material, the indentation is easily observable and the operators rely more on the visual rather than the touch-sensing information. In contrast, with the increasing phantom stiffness, the indentation is decreasing and the operators increasingly rely on the touchsensing information.
Probe contact area
To analyze the influence of the probe contact areas (A) on the contact forcef P;A and pressurep P;A , the contact pressure and contact force have to be observed separately. Figure 8 (a) reveals a possible positive correlation between the level of the applied force and the size of the probe contact area. A two-way ANOVA was conducted to study the effect of the probe contact area on the applied force. A significant effect of the probe contact area on the applied force (at the P < 0.05 level) has been observed for phantoms P medium and P soft , while for the stiffest phantom P hard , statistical significance was not observed (ANOVA P ¼ 0.353). Post hoc comparisons using the Fisher LSD test indicated significant difference between the probe pairs (A small ; A medium ) and (A small ; A large ). The difference between the probes A medium and A large was not found significant, which can be attributed to the fact that the relative difference between the contact areas of the two probes is the smallest. The observed increase in the force is particularly pronounced for the softest silicone phantom. One reason for the observed increase might be connected to the fact that a larger probe requires a higher force to compensate for the deviation of the probe incidence from normal, making it increasingly difficult to establish a full contact with the sample surface by employing the same amount of force. As summarized by the results shown in Fig. 8(b) , the amount of applied contact pressure is, as expected, dominated by the probe contact area.
Operator
Tables 2-4 summarize the measured contact pressure and force obtained for the three probe contact areas and the three silicone phantoms across all the operators. The applied contact pressurē p P;A significantly decreases with the increasing probe contact area and decreasing phantom stiffness [ Figs. 7 and 8(b) ]. The applied contact pressure observed for the three different probes and the three different phantoms ranged from 2.40 to 42.7 kPa. As shown by the existing studies, such contact pressure levels are likely to have a significant effect on the tissue and thereby on the spectral measurements. The contact pressureinduced changes usually include decrease in the tissue blood and water content, oxygenation, and thereby absorption and scattering. The study on human skin by Lim et al. 12 showed that a probe pressure of 22 kPa applied to an index finger and forehead decreases the total blood volume and oxygen saturation, while Atencio et al. 32 observed significant spectral changes of forearm when exposed to 20.2 kPa. In a study 13 of rat liver tissues by DRS, significant spectral changes were observed for a contact pressure of 25.8 kPa. Many of the other studies have observed similar spectral changes; however, the contact pressure and force were not quantified. 14, 33 In addition to the changes in the applied contact pressurē p P;A , the results also show that the contact pressure variability depends on both the probe contact area and the phantom stiffness. The average contact pressure variabilityv P;A observed during the individual measurements was estimated between 0.24 and 2.8 kPa, the average intraoperator contact pressure variabilityv P;A intra between 0.45 and 9.2 kPa, and the interoperator contact pressure variability v P;A inter between 1.06 and 19.9 kPa. The observed intraoperator contact pressure variability is approximately two times lower than the interoperator variability, independently of the phantom stiffness and of the probe contact area. These results are somewhat expected, as the perception of a light contact pressure is operator-specific. In all the cases, the average tremor contact pressure variabilityv P;A observed during the individual measurements exhibits significant decrease with increasing contact area and decreasing phantom stiffness. However, the observed variabilityv P;A is negligible in comparison to the interoperator variability v P;A inter , and thus should be considered only when a single operator is handling the probe.
In terms of phantom stiffness, the results show a significant increase in the applied contact pressurep P;A and its variability with increasing phantom stiffness. Contact pressure repeatability is of great importance when creating large spectral datasets for classification purposes, where all the spectra should be acquired under the same conditions, and not influenced by the operator. While a manual probe operator can provide a reasonably repeatable contact pressure application for a particular phantom stiffness, the applied contact pressure may change considerably for a phantom of a different stiffness. This observation leads to an important implication for probing tissues with varying stiffness properties. For example, the four selected measurement sites of the human skin exhibit considerably different degrees of stiffness (Fig. 5) arising from the skin thickness variability and, more importantly, from the structure of the underlying tissue. As a result, a probe operator might apply different contact pressures at different measurement sites and thus distort the spectra by operator-specific site-dependent variations. As already pointed out, such variations can significantly affect the estimation of optical properties and thereby the quantification of chromophores frequently used in DRS.
Conclusion
The presented results on the applied contact pressure and the contact pressure variability as a function of the probe contact area and sample stiffness can be used to estimate the contact pressure in various applications involving biological samples with characterized load-displacement properties. Based on the presented results, we propose the following set of practical guidelines for operators of manual probes:
1. Most tissues are sensitive to the probe contact pressure. To test the contact pressure sensitivity, a timelapse of the diffuse reflectance with respect to increasing contact pressure can be acquired from the sample as presented in Fig. 4(b) .
2. The average contact pressure and its variability should be assessed on a tissue phantom that exhibits similar mechanical properties to the studied tissue. The mechanical properties of the studied tissue can be characterized by an indentation test (Figs. 1 and 5), which is performed in a way that is similar to a common diffuse reflectance measurement.
3. If the studied tissue exhibits mechanical properties that are encompassed by the silicone phantoms used in this study, the average contact pressure and corresponding variability can be determined from the reported values (Tables 2-4) . Otherwise, a custom silicone phantom should be fabricated and the average contact pressure and corresponding variability assessed according to the proposed methodology (Fig. 3 ).
4. With the gained information (3), the application-specific influence of the operator on the spectral analysis can be assessed. If the influence is found to exceed the acceptable level, the contact pressure variability can be limited by increasing the probe contact area and performing the measurements by a single operator. If these limitations are not feasible, a mechanical aid or a fully automated system 34 with well-defined profile of the applied contact pressure needs to be employed. For more information on controlling the contact pressure, please refer to Ref. 17 .
Because manually operated optical fiber probes are used in many clinical and research application settings, it is essential to carefully assess and plan the measurement procedure and account for the variability of the applied contact pressure. This study aims at providing relevant data on the transient and steady-state contact pressure and force properties useful in various measurement settings, by taking into account the sample stiffness, probe contact area, and performance of the operator.
